INTRODUCTION
Dioxins, such as halogenated aromatic hydrocarbon and polycyclic aromatic hydrocarbon compounds, are widespread environmental contaminants (Safe, 1994) . TCDD is one of the prototypical and most potent dioxins. Exposure to TCDD is known to result in a variety of toxic and biological effects including carcinogenicity, teratogenicity, immunosuppression, and changes in cell proliferation and differentiation (Brown et al., 1998; Gibbons, 1993; Mimura et al., 1997; Poland and Knutson, 1982; Shimizu et al., 2000) . These effects were thought to be mediated by AhR, a ligand-dependent transcription factor, which is activated upon binding to TCDD. In the absence of TCDD, a group of Hsp90-related proteins in the cytoplasm captures inactive AhR to form a multimeric complex and thereby abolishes the DNA-binding ability of AhR (Hankinson, 1995; Henry and Gasiewicz, 1993) . In contrast, after binding to TCDD, AhR is released from the complex and translocated into the nucleus (Hankinson, 1995; Henry and Gasiewicz, 1993) , and then forms a heterodimer with Arnt to bind to DNA stretches containing a DRE sequence (GCGTG) within the regulatory region of target genes, resulting in xenobiotic responses (Hankinson, 1995; Lusska et al., 1993; Probst et al., 1993;  Edited by Fujio Kawamura * Corresponding author. E-mail: ashida@kobe-u.ac.jp Wu and Whitlock, 1993) . The toxic effects of TCDD are probably due to superfluous activation of AhR provoked by an excess of TCDD (DeVito and Birnbaum, 1995; Hankinson, 1995) .
To our knowledge, only a limited number of functional AhR-binding sites have been identified, mostly within the promoter regions of AhR-regulated genes (Sun et al., 2004; Tijet et al., 2006) , including Cyp1A1 (Cytochrome P450, 1A1) (Denison et al., 1988; Lusska et al., 1993) , Cyp1A2 (Cytochrome P450, 1A2) (Quattrochi et al., 1998; Sogawa et al., 2004) , Cyp1B1 (Cytochrome P450, 1B1) (Eltom et al., 1999) , Nqo1 (NAD(P)H: quinone oxidoreductase 1) (Favreau and Pickett, 1991) , Ugt1A1 (UDPglucuronosyltransferase 1A1) (Emi et al., 1996) , Gsta1 (Glutathione S-transferase Ya) (Pimental et al., 1993) , Aldh3A1 (Aldehyde dehydrogenase 3A1) (Boesch et al., 1999) , Nrf2 (NF-E2 p45-related factor) (Miao et al., 2005) , Pon1 (Paraoxonase 1) (Gouedard et al., 2004) , Cyp19A1 (P450 aromatase) (Baba et al., 2005) , c-myc (Yang et al., 2005) , Cyp2S1 (Cytochrome P450, 2S1) (Rivera et al., 2007) , and Cyp2A5 (Cytochrome P450, 2A5) (Arpiainen et al., 2005) ; Cyp1A1 and Cyp1B1 being studied most extensively as model AhR-induced genes. Previous gene expression profiling by the DNA microarray technique in mouse hepatoma Hepa-1c1c7 cells stimulated with TCDD revealed that at least 285 genes exhibited obvious changes in their expression (Dere et al., 2006) , but experimental genome-wide research for direct AhR-target genes has not been carried out so far.
ChIP is a powerful tool with which to analyze DNAbinding factors and obtain chromosomal DNA fragments to which the factors bind in vivo, which can suggest possible targets. ChIP-chip is a technique used to isolate DNA fragments interacting with a DNA-binding factor, which are labeled and hybridized on to a DNA microarray to map binding sites of the factor within the entire genome (Carroll et al., 2006) . However, an inevitable amount of non-specific DNA is contained in the ChIP DNA mostly due to weaker interactions between proteins and DNA, and additional validation is often required to distinguish specific from non-specific interactions. To validate the specificity of ChIP DNA, ChIP fragments can be cloned and analyzed further in biochemical ways to examine the interaction between the transcription factor and DNA (Weinmann et al., 2001 (Weinmann et al., , 2002 . We previously set up a southwestern chemistry-based enzyme-linked immunosorbent assay (SW-ELISA) technique to determine the affinity between the AhR-Arnt heterodimer and fluorescein isothiocyanate (FITC)-labeled DNA probes (Fukuda et al., 2004; Nishiumi et al., 2007 Nishiumi et al., , 2008 . In this study, our SW-ELISA technique was used to evaluate DNA fragments containing possible AhR-binding sites selected from mouse hepatoma Hepa-1c1c7 cells stimulated with TCDD through ChIP-based screening.
MATERIALS AND METHODS

Cell lines and culture conditions
The mouse hepatoma cell lines, Hepa-1c1c7 and c12 obtained from the American Type Culture Collection, were maintained in Eagle's medium (Nissui Pharmaceutical) supplemented with 5% (v/v) fetal bovine serum, 4 mM L-glutamine, 100 U/ml penicillin, and 100 μg/ml streptomycin at 37°C in at atmosphere containing 5% CO 2 .
ChIP Hepa-1c1c7 cells were stimulated with 10 nM TCDD for 2 h, and then fixed by adding formaldehyde at a final concentration of 1% for 10 min at 37°C to crosslink protein and DNA. The cross-link reaction was terminated by addition of glycine at 125 mM at room temperature to quench the excess formaldehyde. Next, the cells were washed three times with ice-cold phosphate-buffered saline, suspended in 1 ml of SDS lysis buffer (1% SDS, 10 mM EDTA, and 50 mM Tris-HCl, pH 8.0), and sonicated to shear DNA into 0.1-1 kb fragments. After spinning down, the supernatant was diluted 10-fold with ChIP dilution buffer (0.01% SDS, 1.2 mM EDTA, 16.7 mM TrisHCl, pH 8.0, 167 mM NaCl, and 1.1% Triton X-100), and precleared with the addition of Protein G-sepharose 4 fast flow beads (GE Healthcare) to reduce non-specific DNA binding before antibody addition. Precleared chromatin was incubated overnight at 4°C in the presence of a specific polyclonal antibody raised against the C-terminal part of AhR, Ah receptor (M-20) (Santa Cruz Biotechnology), together with Protein G-sepharose 4 fast flow beads, that had been treated previously with 1.5% bovine serum albumin, to form precipitating materials containing the immune complex. The precipitating materials were washed and spun down for 5 min at 4°C successively with low salt wash buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl, pH 8.0, and 150 mM NaCl), with high salt wash buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl, pH 8.0, and 500 mM NaCl), with LiCl wash buffer (0.25 M LiCl, 1% NP-40, 1% sodium deoxycholate, 1 mM EDTA, and 10 mM Tris-HCl, pH 8.0), and finally twice with TE buffer. The crosslinks between DNA and proteins were released by heating the complex at 65°C, and proteins were digested by proteinase K, to extract the ChIP DNA fragments with ChIP elution buffer (1% SDS, and 0.1 M NaHCO 3 ).
Construction of ChIP DNA library The ChIP DNA fragments were blunt-ended by treatment with T4 DNA polymerase and recovered by ethanol precipitation. The precipitated ChIP DNA fragments were subjected to linker-mediated (LM)-PCR as amplification (Ren et al., 2000) as follows. Two unidirectional linkers (JW102 and JW103 linkers, Table 1) were annealed, phosphorylated, and ligated to both termini of the ChIP DNA fragments. The linker-ligated DNA fragments served as the tem-plates in PCR using the primer JW102 (5 min at 95°C, then 20 cycles of 30 s at 95°C and 1 min at 72°C). The PCR products were purified with a PCR clean-up system (Promega), cloned into pT7blue2-T (Novagen) and introduced into E. coli DH5α resistant to ampicillin (50 μg/ml), to yield a ChIP DNA library.
SW-ELISA SW-ELISA was performed essentially as described previously (Fukuda et al., 2004) . DNA probes were the individual insert fragments of the ChIP DNA library amplified by PCR with a 5' FITC-labeled JW102. Each of the FITC-labeled probes (25 fmoles) was put into the respective wells of a microtiter plate, and captured by a rabbit anti-FITC antibody (DakoCytomation) previously fixed on the bottom. Nuclear extract prepared from Hepa-1c1c7 or c12 cells, stimulated with 1 nM TCDD for 
Cyp1A1
GATCCGGCTCTTGTCACGCAACTCC GAGCTCA GATCTGAGCTCGGAGTTGCGTG AGAAGAGCCG (Denison et al., 1988; Fukuda et al., 2004) Cyp1B1 ACAGCTCCGCACGCAAGGGGGA GGCGACAGGAATTCAGATCTCC CGGGT CTGTCGCCTCCCCCTTGCGTGC GGAGCTGTGAATTCAGATCTCC CGGGT (Eltom et al., 1999) Cyp2S1 CACATGCACGCACGCACGCACA CCAAGGAATTCAGATCTCCCGG GT CTTGGTGTGCGTGCGTGCGTGC ATGTGGAATTCAGATCTCCCGG GT (Rivera et al., 2007) Cyp2S5 CAAAGCCCCTGCTCACTCACGC ACTCTGGAAGCCTGCGAATTCA GATCTCCCGGGT GCAGGCTTCCAGAGTGCGTGAG TGAGCAGGGGCTTTGGAATTCA GATCTCCCGGGT (Arpiainen et al., 2005) Cyp19A1 CGGGAGATCTGAATTCTGAGAG TGAACTGCAGGAAG CGGGAGATCTGAATTCACCTCAT GGCTAAGGCAATG (Baba et al., 2005) a Lengths (bp) of amplified PCR products are indicated. b Dioxin-response elements (DREs) are underlined.
2 h, served as the source of the AhR-Arnt heterodimer. The nuclear extract (15 μg) was applied to the wells containing the probe, and incubated at 20°C for 2 h. After washing, a goat anti-Arnt antibody (Santa Cruz Biotechnology) was added to form the immune complex containing the AhR-Arnt heterodimer bound to the probe. After another washing step, the immune complex was further reacted with a biotinylated rabbit anti-goat IgG antibody (Jackson Immuno Research Lab), which was visualized by the labeled-streptavidin biotin method (Giorno, 1984) with peroxidase-conjugated streptavidin and tetramethylbenzidine. After sulfuric acid was added to terminate the visualizing reaction, absorbance at 450 nm in the wells was measured by using a Wallac ARVO sx multilabel counter (Perkin-Elmer Life Sciences). The AhR-binding score of a probe, representing its specific affinity for AhR, was calculated by dividing the absorbance obtained in the presence of the probe by that in its absence.
Genomic mapping Nucleotide sequencing of the ChIP DNA fragments was performed using the BigDye terminator v3.1 cycle sequencing kit (Applied Biosystems) and a capillary automatic sequencer (ABI PRISM 3100 Genetic Analyzer; Applied Biosystems). Sequences thus obtained were mapped on the mouse genome using the UCSC genome browser (version mm9 at the UCSC Genome Browser website, http://genome.ucsc.edu) (Karolchik et al., 2003) .
Quantitative real-time RT-PCR analysis Quantitative real-time RT-PCR analyses were performed based on the SYBR green gene-expression technology (Morrison et al., 1998; Wittwer et al., 1997) . Total RNA extracted from Hepa-1c1c7 cells stimulated with 1 nM TCDD or a vehicle control (0.1% DMSO, dimethyl sulfoxide) for 24 h was reverse transcribed into cDNA using the Primescript RT reagent kit (Takara Bio) and subjected subsequently to quantitative real-time PCR (45 cycles of 95°C for 10 s and 60°C for 20 s) in a LightCycler detection system (Roche Molecular Biochemicals) using a SYBR Premix EX-Taq perfect real time kit (Takara Bio). The relative gene expression values were calculated by the comparative CT method (Livak and Schmittgen, 2001 ), using expression of the β-actin gene (Actb) as the internal control. Specific primers used are listed in Table 1 .
RESULTS
Screening of AhR-binding ChIP fragments
ChIP fragments prepared from mouse hepatoma Hepa-1c1c7 cells using the antibody specific for AhR were subjected to PCR to test whether the AhR binding to the Cyp1A1 promoter region was dependent on TCDD treatment. The very faint band amplified from the TCDD-untreated cells might suggest some weak interaction between AhR and the Cyp1a1 promoter in the absence of TCDD (Fig.  1A , lane 3). However, TCDD-treatment obviously enhanced the corresponding band to indicate that the tight AhR binding to the Cyp1A1 promoter region depends on TCDD (Fig. 1A , lane 1). When the ChIP DNA fragments were amplified by LM-PCR, PCR products 0.1-1 kb long were obtained (Fig. 1B, lane 1) . Similar products were also obtained from the template prepared without the anti-AhR antibody (Fig. 1B, lane 2) . However, the ChIP DNA prepared with the anti-AhR antibody exclusively gave the right product after another PCR using the primer set specific for the Cyp1A1 promoter region containing a well-characterized AhR-binding site (Fig. 1C) . These results indicated that the ChIP DNA prepared with the anti-AhR antibody contains the specific AhR-binding fragments but also a certain amount of non-specific fragments. The products amplified by LM-PCR from the ChIP DNA were cloned into a plasmid, and introduced into E. coli to confer ampicillin resistance, yielding a ChIP Hepa-1c1c7 cells were treated with 10 nM TCDD (lanes 1 and 2) or the vehicle control (lanes 3 and 4) 2 h prior to ChIP. ChIP was performed in the presence (lanes 1 and 3) or absence (lanes 2 and 4) of AhR-specific antibody. The ChIP fragments were subjected to PCR to amplify the Cyp1A1 promoter region with the specific primer pair (Table 1) DNA library. Clones from the ChIP DNA library were picked randomly, and their inserts were converted into FITC-labeled probes, which were subjected to SW-ELISA experiments to examine their AhR-binding.
To certify the suitability of our SW-ELISA system, a series of control experiments was performed as follows. Nuclear extract prepared from Hepa-1c1c7 cells stimulated with TCDD was used as the material containing activated AhR for DNA binding. First to be used were FITC-labeled probes designed for the promoter region of well-characterized AhR target genes, including Cyp1A1, Cyp1B1, Cyp2S1, Cyp2A5, and Cyp19A1 (Arpiainen et al., 2005; Baba et al., 2005; Denison et al., 1988; Eltom et al., 1999; Rivera et al., 2007) . These probes gave AhR-binding scores ranging from 2.2 to 3.2 ( Fig. 2A) , suggesting that the system could detect specific interaction between AhR and the probes. Second, another set of probes used randomly picked out 94 DNA fragments derived from the Fig. 2 . SW-ELISA. (A) AhR-binding scores of known targets. SW-ELISA was performed with probes designed for the promoter region of target genes as indicated, each of which contains well-characterized AhRbinding sites. The AhR-binding scores were calculated from three independent measurements as described in the text and shown as the means ± SE (n = 3). (B) AhR-binding scores of non-specific fragments. Probes used were specific for the Cyp1A1 promoter (left end) and 94 randomly picked DNA fragments derived from LM-PCR products prepared without anti-AhR antibody. Values are means for three independent measurements. Dotted line indicates the threshold level (AhR-binding score at 2.1). (C) AhR-binding scores of ChIP DNA fragments. Probes were 92 randomly picked fragments from the ChIP DNA library. Arrowheads indicate the fragments giving scores over the threshold.
LM-PCR products prepared without the anti-AhR antibody (Fig. 1B, lane 2) . AhR-binding scores given by these probes were mostly between 1.0 and 1.5 and never higher than 2.1 (Fig. 2B) . Our SW-ELISA system might be sensitive enough to detect weaker interactions between AhR and DNA, and we decided to set a threshold to discard the probes giving AhR-binding scores of less than 2.1 which were possibly due to non-specific interactions. Finally as a pilot case, 92 probes prepared randomly from the ChIP DNA library were examined. As shown in Fig.  2C , some probes appeared to give AhR-binding scores as high as the positive control of the Cyp1A1 probe, suggesting that our strategy allowed for the screening of additional DNA fragments with greater affinity for the AhR.
So far we have screened approximately 1,700 probes prepared from the library, and selected 87 ChIP fragments exhibiting higher AhR-binding scores. Nucleotide sequences of the 87 ChIP fragments were determined and mapped on to the mouse genome. It was found that the same ChIP fragment was selected three times and another 8 fragments, twice (Table 2) . Therefore, the ChIP-based SW-ELISA revealed 77 different AhR-binding fragments (Table 2) . Sequencing revealed that 39 of the 77 fragments contained at least one typical DRE while the others did not, suggesting that in some cases, a DRE might not be required for the binding of AhR. In addition, 75 of the 77 fragments were not located within promoter-proximal regions but in downstream introns/exons or intergenic regions, implying that AhR could bind to promoter-distal regions regularly.
Validation of the binding of AhR to the ChIP fragments Nuclear extracts were prepared from Hepa-1c1c7 and c12 cells (an AhR-deficient counterpart to Hepa1c1c7) (Eltom et al., 1999; Hankinson, 1979; Zhang et al., 1996) stimulated with TCDD to be compared in SW-ELISA experiments using the 77 ChIP fragments selected above. The extract from Hepa-1c1c7 gave AhR-binding scores of more than 2.2 with all 77 probes (Fig. 3A) , while that from c12 mostly gave scores of around 1.5, which was clearly lower than the threshold and regarded as nonspecific (Fig. 2B) . Therefore, the higher scores obtained from the SW-ELISA experiments were dependent on the AhR, and the assay system was reliable enough to guarantee the specific interactions between AhR and the DNA fragments. Next, another nuclear extract was prepared from Hepa-1c1c7 cells without TCDD-stimulation and employed in the assay. With this extract, most of the ChIP fragments gave AhR-binding scores of no more than 2 (Fig. 3B) , suggesting the binding of AhR to the selected ChIP fragments to be dependent on TCDD. However, there were several exceptions that showed higher scores without TCDD stimulation (Fig. 3B ). The most remarkable exceptions were two fragments giving AhR-binding of more than 3; one corresponded to the intergenic region between Tspyl5 and Mtdh, and the other to the intragenic region of Dchs2. It was likely that for unknown reasons, these fragments possess higher affinity for AhR independent of TCDD.
Transcription of AhR-target candidates As candidates for AhR-target genes, we chose genes containing or located nearest to the genomic positions where the 77 AhR-binding fragments were assigned; when a fragment was mapped within an intergenic region, the two genes flanking it were chosen regardless of their orientation. As listed in Table 2 , our ChIP-based screening allowed us to select 121 potential AhR-targets. These included two well-characterized AhR targets, Cyp1A1 and Cyp1B1, as well as others previously suggested to be AhR-responsive under certain conditions, including Abcb1b (MDR1b) (Mathieu et al., 2001) , Igf1r (Tanaka et al., 2007) , Pax9 (Sahlberg et al., 2007) , and Slc2a3 (GLUT3) (Ishimura et al., 2002) , (Table 2) . However, 11 of 13 known AhR targets were not included, such as Aldh3A1, Cyp1A2, Cyp19A1, Cyp2A5, Cyp2S1, Gsta1, Nqo1, Nrf2, Pon1 , and Ugt1A1. Nevertheless, we have already isolated the same ChIP fragment three-times (Igf1r) and the other 8 twice (Alcam < S < Zpld1, Dlx5 < S > Acn9, F13a1 < S > Ly86, Nras, Uba2, Spata16, Flt3 < S > Pan3, and Zfp64 < S > Tshz2) in the total of 87 isolates after screening almost 1,700 individual clones ( Table 2 ), implying that the number of different fragments isolatable from our library might be limited under the current conditions. In any case, these results might suggest that our screening was still insufficient.
Previously, the transcriptome in Hepa-1c1c7 cells stimulated with TCDD was analyzed using a DNA microarray technique to reveal that at least 285 of 8284 genes exhibited ±1.5-fold altered expression, suggesting these 285 genes might include AhR targets (Fig. 4) (Dere et al., 2006) . Indeed, two of the 121 AhR-target candidates selected in this study, Cyp1A1 and Pla2g4a, were included in the 285 genes (Fig. 4 and Table 2 ). In addition, the induction of Cyp1A1 and Pla2g4a expression in the presence of TCDD (29.13-and 1.84-fold, respectively) was confirmed by quantitative real-time RT-PCR (Table 3) . Therefore, in these two cases, our strategy was successful in finding the AhR-binding sites associated with the AhR targets. However, the 121 candidates were found to include 36 genes (Table 2) judged not to be affected by TCDD in a previous transcriptome-based analysis (Dere et al., 2006) , including Abcb1b, Acadm, Cyp1B1, Cyp7B1, Nras, Slc2a3, and Slc25a12 (Fig. 4) . We reinvestigated the expression of these 7 genes by quantitative RT-PCR only to find the induction of Cyp1B1 expression (2.41-fold) but no change in the expression of the other 6 genes ( Table 3 ). The DNA microarray used in the previous study was not equipped with probes for 83 of the 121 candidates (Fig. 4) . Among the 83 genes, Igf1r in breast a When assigned within an intragenic region, the fragment was named after the gene containing it, but when assigned within an intergenic region, it was named after its two neighboring genes where S indicates the location of each fragment while the relative directions of neighboring genes are shown by arrows. Single and double asterisks indicate that the same fragment was isolated twice and three times, respectively. Underlined are genes whose probes were included in the previous DNA microarray study (Dere et al., 2006) . b Genomic position [chromosome (ch) number: start nt -end nt] of each AhR-binding ChIP fragment is indicated referring to the mouse genome database (version mm9 at the UCSC Genome Browser website, http://genome.ucsc.edu) (Karolchik et al., 2003) . c For the two neighboring genes, descriptions on the left and right in fragment names are listed above and below, respectively. d Number of DREs (GCGTG) contained within the sequence. carcinoma MCF-7 cells (Tanaka et al., 2007) , Slc2a3 (GLUT3) in the placenta (Ishimura et al., 2002) and Pax9 involved in tooth development (Sahlberg et al., 2007) were previously induced by TCDD, and Spata16 required for spermatogenesis (Dam et al., 2007) was associated with two different AhR-binding fragments (Table 2) . Their expression was examined by quantitative RT-PCR, revealing the induction of Pax9 expression (3.39-fold). However, the others did not exhibit meaningful change in expression dependent on TCDD at all (Table 3) . It is conceivable that Igf1r (Tanaka et al., 2007) , Slc2a3 (GLUT3) (Ishimura et al., 2002) and Spata16 (Dam et al., 2007) were not induced in hepatoma Hepa-1c1c7 cells stimulated with TCDD, because induction of these three genes was not evidenced in the liver. On the other hand, Abcb1b is induced in the liver depending on AhR in the presence of 3-methylcholanthrene-activated but not TCDD (Mathieu et al., 2001) . Pax9 functions in tooth development, however, its induction in Hepa-1c1c7 was unexpected and might be worthwhile for further studies. All these results together suggested that the majority of the AhR-binding sites selected by our ChIP-based approach would not always be involved in transcriptional regulation. TCDD-activated AhR can bind to promoter-distal regions often without a DRE and its DNA-binding alone could not be enough to establish its regulatory function.
DISCUSSION
We isolated 77 different AhR-binding fragments from a ChIP DNA library made from Hepa-1c1c7 cells stimulated with TCDD ( Table 2 ). The interaction between these fragments and AhR (AhR-Arnt heterodimer) was confirmed to be specific and dependent on the receptor's activation by TCDD (Fig. 3) . Previous searches for AhRbinding sites were designed to investigate regions containing transcription start sites of AhR-target genes, and thus all known AhR-binding sites were mapped within promoter-proximal regions. However, in this study we revealed that the vast majority of the AhR-binding sites were contained in downstream introns/exons or intergenic regions, implying that the AhR regularly binds to promoter-distal regions.
Sequence-specific DNA-binding factors generally recognize degenerate motifs of cis-elements comprising 5-10 base pairs. Consequently, potential recognition sequences for many transcription factors may frequently throughout the genome and participate in actual protein-DNA interactions. According to this hypothesis, most of the AhR-binding site found in promoter-distal regions might be due to the distribution of DREs throughout the genome. Similarly to our findings, for estrogen receptor α (ERα), a well-studied model of ligand-activated eukaryotic transcriptional regulators, a very low frequency of promoter-proximal binding sites was reported, and almost all in vivo ERα binding events seemed to occur in regions previously unannotated as cis-regulatory elements within the genome (Carroll et al., 2005 (Carroll et al., , 2006 Lin et al., 2007) .
However, the possible genome-wide distribution of DRE was not enough to explain everything, since 38 of the 77 AhR-binding ChIP fragments did not contain a typical DRE (Table 2 ). In fact, it is known that in some cases, AhR can bind to DNA without a typical DRE motif. For instance, a DRE-like sequence (GCGGG) in the Pon1 promoter was involved in the recognition of AhR (Gouedard et al., 2004) , and the AhR bound to the Cyp1A2 enhancer without a DRE only in the presence of unknown additional cellular factors coordinating specific AhR-DNA interaction (Sogawa et al., 2004) . These findings suggest that the AhR was able to bind the 38 DRE-negative frag- ments because of degeneracy of the DRE sequence or possible coordinators. On the other hand, AhR-binding scores of the 39 DRE-positive AhR-binding ChIP fragments were ranged from 2.1 to 4.3 (mean ± SD, 2.9 ± 0.5), while those of the 38 DRE-negative fragments were from 2.1 to 3.4 (2.6 ± 0.3). In addition, the histogram in Fig.  5 indicates that fragments with lower affinity predominated more among the DRE-negative than DRE-positive fragments. Therefore, a DRE might not always be required for the binding to AhR, but it still must be one of the important determinants enabling tighter interaction, although in any case it is likely that the binding participates in the transcriptional regulation of target genes only when it occurs in the right place at the right time.
In this study, Pla2g4a was found as a possible new target of the AhR, which associated with at least one AhRbinding site (Table 2 ) and exhibited +1.84-fold increase in expression in the presence of TCDD (Table 3 ). This gene encodes cytosolic phospholipase A 2 -α (cPLA 2 -α) playing a central role in the release of arachidonic acid (AA) from sn2 position of membrane phospholipids, and AA metabolism is involved in a number of biological events such as inflammatory and carcinogenic processes. Previous studies revealed that TCDD promoted the release of AA from membranes as a result of its ability to stimulate membrane lipid oxidation and phospholipase A 2 (PLA 2 ) activity (al-Bayati and Stohs, 1991; Forsell et al., 2005; Tithof et al., 1996 Tithof et al., , 2002 . Therefore, our finding might fill-in the missing link between TCDD stimulation and phospholipase A 2 induction. On the other hand, TCDD can induce the expression of P450s metabolizing AA, such as Cyp1A1, which convert AA to prostaglandins (Lee et al., 1998; Schwarz et al., 2004) . Recently, it was hypothesized that some AA metabolites, such as lipoxin A 4 and several prostaglandins, serve as endogenous AhR ligands (Denison and Nagy, 2003) . If this hypothesis is correct, once TCDD activated AhR, P450s would produce AA metabolites activating AhR again, and this positive feedback loop would provoke superfluous activation of AhR (Schaldach et al., 1999; Seidel et al., 2001) . Further investigation might provide insight into how AhR may be involved in the regulation of AA metabolism.
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